Rationale Obsessive-compulsive disorder (OCD) gradually emerges and reaches clinical significance during early adulthood. Whether a predisposition for OCD manifests as binge eating disorder earlier during adolescence is proposed. Objectives To further characterize how OCD-like behaviors increase across maturation and to determine whether an OCDlike predisposition increases the likelihood of binge eating during adolescence. Methods Male and female Sprague-Dawley rats were injected with the tricyclic antidepressant clomipramine (CMI, 15 mg/kg) or saline vehicle twice daily between postnatal days 9-15. Both groups were tested for perseverative (spontaneous alternation) and anxiety-like (elevated plus maze; marble burying) behaviors during juvenility (day 28), adolescence (day 60), and adulthood (day 90). Both motivations to eat sucrose pellets and binge eating on fat were investigated. Results Sex-and age-dependent increases in anxiety-like and perseverative behavior were observed in CMI subjects. Differences in consummatory behaviors emerged during late adolescence, while no significant differences in alternation or anxiety-like behaviors were detected between CMI and vehicle animals until adulthood. Adolescent CMI females consumed more sucrose pellets in 30 min relative to vehicle females, whereas adolescent CMI males consumed approximately half as much as vehicle males. Sucrose consumption did not differ between groups in adulthood. Adolescent CMI rats demonstrated more fat bingeing than vehicles, independent of sex. Conclusions OCD-like behaviors are emerging during adolescence, but sucrose consumption and fat bingeing in CMItreated animals significantly precedes the appearance of anxiety and perseveration. This OCD-like phenotype emerges fully during adulthood, suggesting that eating may likely serve as a coping strategy in these animals.
Introduction
Multiple mental disorders like anxiety, depression, and obsessive-compulsive disorder (OCD) are associated with binge eating (McElroy et al. 1994; Peterson et al. 2012) . Binge eating may be triggered by anxiety, but bingeing reduces anxiety and increases reward sensation during and after the episode (Kaye 2008) . Similarly, anxiety is triggered in individuals with OCD during the obsessive phase and is reduced/ released when the compulsive act is executed. While there is a high likelihood that OCD and eating disorders share common pathology, clinical research has been unable to establish whether OCD is a risk factor or a consequence of eating disorders (Kaye et al. 2004 ). One possibility is that the developmental emergence of OCD behaviors in humans predisposes an individual to binge eating despite not yet reaching clinical criteria. Binge eating typically emerges during mid-late adolescence (i.e., 16-18 years; Stice 1999), when sex differences in binge eating disorder also surface (Culbert et al. 2013) . The average age of onset for late-onset OCD is in the early 20s (Taylor 2011) , although this predisposition for OCD may partially manifest as binge eating beforehand during late adolescence. To test this hypothesis, we determined whether neonatal clomipramine (CMI) administration in rats would increase the motivation to eat, or binge, in late adolescence prior to the later, gradual onset of OCD-like behaviors in adulthood.
Neonatal administration of the tricyclic antidepressant CMI has adverse effects on rat male behavior in adulthood (Vogel et al. 1990b ) that includes an increase in OCD-like behaviors (Andersen et al. 2010; Andersen and Thompson 2011) . Exposure to CMI between postnatal day (P) 9 and P15 increases depressive-like behaviors (Mirmiran et al. 1981; Vogel et al. 1990b) , anxiety-like behavior, reduces spontaneous alternation, increases hoarding, impairs working memory (Andersen et al. 2010) , and increases repetitive checking behavior in adult rats (Szechtman et al. 2001; Andersen and Thompson 2011) . CMI treatment also produces corticostriatal dysfunction by modulating serotonin and dopamine systems, which is also observed in individuals with eating disorders (Aveena et al. 2008) and OCD (Bokor and Anderson 2014) . Together, these studies suggest that neonatal CMI increases OCD-like behaviors in adult males, although little is known about the developmental trajectory of these behaviors and whether sex differences exist.
The present study has two aims. First, this study investigates how OCD-like behaviors of anxiety and spontaneous alternation emerge across the course of development and sex. Second, we determine whether dysregulated food consumption is evident in CMI animals relative to controls under non-food-deprived conditions. The emergence of OCD-like behaviors in concert with dysregulated eating in females and males during adolescence in CMI-treated animals would support our hypotheses.
Methods
Subjects Sprague-Dawley litters (comprised of 5 male/5 females) with their dams arrived from Charles Rivers (Wilmington, MA, USA) at McLean Hospital at P4 and were housed on a 12/12 h light/dark cycle (lights on at 06:00 h) with food and water ad libitum. Temperature and humidity were kept constant at 22±2 and 55±25 %, respectively. Between P9 and P16, rats were weighed daily at 09:00 a.m. and given i.p. injections of either the saline vehicle or 15 mg/kg clomipramine (Sigma-Aldrich, St. Louis, MO, USA), followed 7 h later by a second injection for a total of 16 injections across the 8 days. Following previous protocol (Andersen et al. 2010) , the second administration of CMI was given in order to maintain relatively constant drug levels throughout the day based on the half-life of CMI in the rat brain (6.2 h, Weigmann et al. 2000) . Injections were given by either a 50 or 100 μl Hamilton syringe in a 1 ml/kg volume, according to our methods (Andersen et al. 2010; Andersen and Thompson 2011) . We did not observe any treatment-induced or shipping-related effects of stress on body weight.
Litters were weaned at P21 and housed with same-sex littermates. Only one male and female subject from each litter was assigned to an individual condition. P25 represents childhood or juvenility, and P60 is a mid to late adolescence, and P100 is adulthood (Andersen 2003) . Subjects were tested ±1 day of the stated ages. Protocols are in accordance with approved IACUC procedures at McLean Hospital and NIH guidelines. Similar to our original paper (Andersen et al. 2010) , the majority of rats were subjected to an anxiety battery (spontaneous alternation task, elevated plus maze, and marble burying) that was counterbalanced across paradigms. We have not observed any order effects in testing. A separate group of rats were used in the operant conditioning tasks. Females were not staged for two reasons: (1) vaginal swabs themselves have been known to alter cycling and even induce false pregnancy (Walker et al. 2002) , and (2) the data presented are collected over 3 days, which encompasses and averages 75 % of any of the estrogen-related differences that may have occurred (Marcondes et al. 2001) . Future studies can indeed investigate the role that gonadal hormones may have in the observed effects.
Spontaneous alternation The spontaneous alternation task was conducted in a T-maze (Andersen et al. 2010) . The spontaneous alternation task is based on the assumption that rats will explore their environment to optimize the amount of area investigated (Kokkinidis and Anisman 1976) . Thus, subjects are expected to alternate between right and left arm choices, and inflexible behavior is indicated by the perseveration to one side. Arm choice was recorded for a total of nine trials, and the maze was cleaned with 70 % ethanol solution between each trial while the subject waited in a holding cage for 1 min between trials. Different groups of animals were tested at ages P25, P60, and P100, with an n=6-8 for each group.
Marble burying The test was conducted in a 41×36×10 cm box cage with 5 cm of fresh hardwood chip bedding (Alpha Chips) (Andersen et al. 2010 ). An array of 24 standard marbles was evenly spaced over the surface. Individual subjects were placed in the test cage for 15 min. The number of marbles buried ≥70 % was recorded (Broekkamp et al. 1986 ). New bedding was used for each animal, and marbles were cleaned with a 70 % ethanol solution between animals. Different groups of animals were tested once at ages P25, P60, and P100, with an n=6-8 for each group.
Elevated plus maze (EPM) The maze consisted of two open and two closed arms (each 10×50 cm) that were attached to a central platform and raised 50 cm above the floor (Andersen et al. 2010) . Ambient light was 200-250 lx. Rats were placed on the central platform facing the closed arms, and their behavior was examined over a 5-min period. Measures of time spent in the open and closed arms as well as total arm entries were recorded. Different groups of animals were tested once at ages P25, P60, and P100, with an n=6-8 for each group.
Sucrose pellet consumption Training: Subjects were not food-deprived. P60 and P100 rats were used in these studies.
Because juveniles did not demonstrate any behavioral change from the CMI treatment for the other metrics, we did not assess their behavior in the operant conditioning task. Subjects were initially trained on a fixed ratio (FR) 1 program in an operant conditioning chamber (Lafayette Instruments; Lafayette, IN, USA) controlled by the Matlab (MathWorks; Natick, MA, USA)-based Biopsychology Toolbox (Rose et al. 2008) . A white square (7×7 cm) was displayed on the touch screen, where a single nose poke to the stimulus resulted in the disappearance of the stimulus and presentation of one sucrose pellet (45 mg, Bio-Serv; Frenchtown, NJ, USA). Trials were repeated throughout the session with inter-trial interval of 30 s during which the screen was black. The rats underwent one 30-min session per day, 5 days a week until they poked the target square at least 20 times within one session. These data not only provide an assessment of the ability to learn operant conditioning but also determine general deficits in motor control, learning, and motivation. An n=6-8 subjects were used, with the exception of the adolescent males, where n=2 subjects failed to learn the task after weeks. We attribute this effect to the lack of food deprivation, commonly used to initiate responding in sucrose consumption tasks. As a result, this cell has an n=5. All of the females were included (n=8) for each condition.
Testing 1 Once the learning criterion was reached, the schedule changed to FR3 to better establish goal-directed behavior. The number of sucrose pellets consumed was assessed across the final three FR3 30-min sessions, where data were collected until rats showed stable behavior (the number of completed trials was within 10 % on 3 consecutive days). In this step, no minimum amount of trials had to be completed.
Testing 2 Following the first test session, a progressive ratio (PR) program was used. In this schedule of reinforcement, the number of responses required for a reward is advanced from trial to trial according to the following equation (Richardson and Roberts 1996) :
Response ratio (rounded to nearest integer)=5e
Such that the number of responses needed followed this series: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603 .... Subjects remained in the operant conditioning chambers for 3 h/ day or until they did not respond for 30 min. Data were collected until the number of completed trials was within 15 % across three consecutive days. This criterion minimized any individual differences in female behavior due to estrous cycle. The breakpoint, the highest ratio completed, is interpreted as a measure of motivation to consume sucrose (Richardson and Roberts 1996) .
Crisco bingeing Following the methods of Puhl et al. (2011) , rats were allowed free access to a high-fat substance (Crisco® All-Vegetable shortening, J. M. Smucker Co., Orrville, OH, USA) for 1 h on Monday, Wednesday, and Friday. Intermittent access produces the greatest percentage of intake change compared with constant access (Puhl et al. 2011) . All subjects had continuous access to normal chow and water throughout the study. Access to fat was provided starting on P55 between 3 and 4 pm on access days for 5 weeks, with new shortening provided each Monday. Body weight and intake of shortening were measured after each session in order to express fat consumption in terms of grams of fat consumed per kilogram of body weight.
Statistical analyses Data were analyzed by 3-way ANOVA with drug, sex and age as variables using Stata 12 (StataCorp; College Station, TX, USA). Independent of a significant age× drug or sex×drug interaction, planned comparisons (t tests, with Bonferroni correction) were conducted for the P100 group for spontaneous alternation, marble burying, and elevated plus maze to determine whether we replicated our previous findings (Andersen et al. 2010) , as well as to determine sex differences at this age. A mixed ANOVA with the between subject variables of drug and sex and the within-subject variable of days was used to analyze fat bingeing. Data were normalized to the first 2 weeks of intake, as previously performed (Puhl et al. 2011; Bello et al. 2014 ) to determine changes in percentage intake change, not overall consumption. Significance was considered at p<0.05.
Results
Spontaneous alternation A significant main effect of drug (F1, 83=8.12, p<0.006), but no interaction with sex or age for the number of alternations divided by the number of total turns, was revealed (Fig. 1) . Post-hoc t tests revealed that the adult animals drive this effect (p < 0.005, Bonferroni corrected).
Marble burying A significant interaction of sex×age (F2, 97=11.85, p<0.0001) and a main effect of Age (F2, 96= 74.75, p<0.0001) were found for the number of marbles buried (Fig. 2a, b) . While the effect of drug only reached trend level (p=0.065), planned comparisons between CMI and vehicle animals revealed a significant difference between CMI and control in P100 males (p<0.05, Bonferroni corrected), but not the females.
EPM We found a sex×age×drug interaction (F2, 103=3.13, p<0.05) for time spent in the open arm (Fig. 3a, b) . To further investigate this interaction, we analyzed males and females separately. A significant effect of drug was observed for the males (F2, 52=4.28, p<0.05) that did not interact with age, where CMI decreased time spent in the open arm overall. Females demonstrated a 2-way interaction of age×drug (F2, 52=3.86, p<0.03) with CMI females spending progressively less time in the open arm than vehicles. An age×sex×drug interaction was observed for the number of arm entries (F2, 103=5.28, p<0.008). This interaction is shown in Fig. 3c, d . CMI generally reduced arm entries in males relative to vehicles, whereas arm entries were significantly lower in CMI females during adulthood only relative to vehicles.
Sucrose consumption A significant sex×drug interaction was found for the number of sucrose pellets consumed (F1, 41=7.55, p<0.009) under the FR3 schedule (Fig. 4a, b) . CMI males decreased consumption relative to vehicles, whereas CMI females increased consumption. The breakpoint, defined as maximal number of responses performed to receive one food pellet, showed a main sex effect (F1, 41 = 9.99, p<0.004), where females have a higher breakpoint overall than males independent of drug. For this reason, we analyzed the sexes in separate age×drug 2-way ANOVAs. A trend of a main drug effect in males (F1, 19=3.73, p<0.07), but no effects of age were found.
Fat bingeing Initially, we observed a significant sex effect of consumption when data are expressed as gram/kilogram between days 2 and 5 (day 1 is too variable; F1, 26=7.35, p= 0.01); females consumed more fat than males (males 5.69± 1.1 vs. females 9.85±1.0 g). No significant drug effect was observed, but at this baseline assessment, vehicle subjects consumed an average of 3.02±0.34 g of fat and CMI subjects consumed 2.08±0.32 g of fat. To determine whether our binge escalation paradigm produced comparable sex differences to those described by others (e.g., Klump et al. 2013 ), a day×sex interaction (F1, 28=50.78, p<0.0001) showed that fat consumption escalated between day 2 and day 15, where females consumed more than males.
To better characterize individual subject's bingeing, gram/kilogram data were normalized as a function of this initial baseline consumption, and the remaining data (binge days 6-15) were expressed as a percent change (Fig. 5) . A drug× sex×binge ANOVA was conducted, with binge as a withinsubject variable. A significant drug×binge interaction was found for the amount of fat consumed (F1, 26 = 5.03, p<0.05). Sex did not significantly influence fat consumption when analyzed across the days, although a drug main effect was also observed (F1, 26=4.51, p<0.05). Post-hoc comparisons with Bonferroni correction indicated that bingeing in CMI animals was significantly higher during the last 3 days of testing (p<0.05) as they entered into adulthood. Weight gain (Fig. 6) did not change as a function of drug (nor interact with either sex or binge) but was significantly affected by sex×binge (F1, 26=50.85, p<0.0001).
Finally, the percentage of rats reaching the upper tertile of binge behavior was investigated (Boggiano et al. 2007) . As  Fig. 7 shows, the top 25 % of all subjects of the normalized binge data (g of chow normalized to kg weight) across the last nine sessions are primarily comprised of CMI subjects, whereas the bottom tertile contains n=2 female CMI subjects. Based Fig. 1 Spontaneous alternation in males (a) and females (b) across age. A significant decrease in alternations can be seen in CMI pre-exposed rats (black bars) compared to vehicles (white bars) in both sexes. Means± SEM are presented, p≤0.05 (asterisk) Fig. 2 Anxiety-like behavior tested in marble burying in males across age (a; CMI n=7, 13, and 11 and controls n=8, 11, and 13) and females (b; CMI n=6, 8, and 10 and vehicle n=6, 7, and 8). CMI pre-exposed adult males (black bars in a) bury more marbles than control animals (white bars). Means±SEM are presented, p≤0.05 (asterisk) Fig. 3 Anxiety-like behavior in the open arm of the elevated plus maze in males (a; CMI n=7, 6, 12 and controls n=7, 10, 9) and females (b; CMI n=7, 8, 13 and vehicle n=7, 7, 10) and the number of arm entries in males (c) and females (d). Following an age×sex×drug interaction, an overall drug effect was observed in males, where CMI males spent less time in open compared to controls. Females were only affected by CMI pre-exposure in adulthood. Means±SEM are presented, p≤0.05 (asterisk) Fig. 4 Sucrose consumption on an FR3 (a+b) and a PR (c+d) schedule of reinforcement. a On an FR3 schedule, adolescent males that were pre-exposed to CMI (black bars) consume less sucrose pellets compared to vehicle (white bars). b Adolescent females consume more sucrose pellets when preexposed with CMI compared to vehicle animals. Female animals (d) have a higher breakpoint in the PR schedule compared to males (c). CMI-treated and vehicle animals do not differ in the PR schedule. Means±SEM are presented, p≤0.05 (asterisk) on Boggiano's classification, three of the eight CMI males are binge-prone (e.g., maintain binge eating at a high level throughout the experiment), and CMI females fail to meet this criterion.
Discussion
The results of this study show that rats treated with CMI during the neonatal period have progressively increasing anxietylike and perseverative behaviors that fully manifest in adulthood. Binge eating is associated with the intermittent consumption of large amounts of food within a short period of time (American Psychiatric Association 2013). Here, we show that this OCD-like preponderance produced by CMI altered eating behaviors in rats without food deprivation. CMI increased fat bingeing during late adolescence relative to vehicles in both males and females. In an operant conditioning task, consumption of sucrose was higher in female CMI than vehicle subjects with the reverse in males, with no change in motivation was observed in adolescence. These data support the hypothesis that CMI exposure predisposes towards abnormal eating.
Consistent with earlier studies (Mirmiran et al. 1981; Yannielli et al. 1999; Andersen et al. 2002; Andersen et al. 2010) , neonatal CMI injections induced perseverative and anxiety-like (EPM, marble burying) behavior in adulthood. The current findings demonstrate that these behaviors gradually manifest over the course of development but do not significantly differ between CMI preexposed animals and controls before adulthood. Moreover, our results parallel sex differences observed in humans, which they emerge before or during adolescence (Cyranowski et al. 2000) . While males show minimal change in anxiety-like behavior across age, female rats show progressively increasing anxiety-like behavior, demonstrated by reduced time spent in the open arms of the EPM and reduced arm entries by late adolescence (P55). This observation is also consistent with Lynn and Brown (2010) who show that female anxiety-like behavior peaks during adolescence and wanes with maturation. As a result, a predisposition exists for elevated anxiety in CMI subjects during adolescence, but the sex differences in anxiety or perseverative behavior due to CMI are most pronounced in adulthood when the trajectory likely stabilizes. This finding is in line with clinical research that shows that the age of onset for non-genetic OCD symptoms is in early adulthood (Taylor 2011) . In addition, the topography of anxiety changes between males and females. Sex differences in coping strategies have been described clinically, where boys show greater aggression than girls (Spigelman et al. 1991 ). The marble burying task of anxiety may be more of an adaptive, defensive coping style and is elevated in male rats in the current study. CMI males had increased marble burying relative to control males, consistent with our previous observations (Andersen et al. 2010) . Female rats, on the other hand, spent more time in the closed arm of the EPM than males, suggestive of more avoidant-type anxiety in females (Leussis and Andersen 2008) . CMI females were more avoidant but not defensive as they did not bury more marbles. This difference in the strategy of coping with anxiety in females is more consistent with harm avoidance, which has been associated with binge eating disorders (Peterson et al. 2010) .
The typical developmental trajectory data may reveal a potential window of vulnerability to anxiety disorders that interact with reward (Tomasi and Volkow 2013) . The number of marbles buried increased over development in males and females independently of drug. This increase, however, progressively increased in males until adulthood, while the number of marbles buried peaked by adolescence in females. Experiences prior to what may be the pinnacle of vulnerability to develop an anxiety-related disorder may direct the trajectory towards vulnerability or resilience as females continue to mature. To this end, perseveration in the spontaneous alternation task may further telescope pathological behavior. While control males demonstrated relatively stable alternation behavior across age, CMI males progressively alternated less as they matured. A different pattern is observed in females as controls progressively alternate more across maturation, whereas CMI females do not change across maturation, and, in essence, their trajectory is flat.
As anxiety progressively rises in CMI subjects, an opportunity to reduce these behaviors through sucrose or fat consumption is a characteristic of binge eating-especially within a restricted period of time in the absence of hunger (Corwin and Buda-Levin 2004; de Jong et al. 2012) . Changes in reward-related behavior in CMItreated animals bias towards disordered eating. Female CMI adolescents consumed more sucrose under an FR3 schedule than controls or CMI adult females within a defined period of time (30 min). This higher level of sucrose consumption was observed without food deprivation, which is commonly used in operant paradigms (Weatherly et al. 2003) . This operant test assesses goal-directed behavior since the animals have to respond three times to obtain a sucrose pellet (Dezfouli and Balleine 2012) . Other studies motivated binge-like eating by food deprivation (e.g., Specker et al. 1994) , intermittent access to palatable food (Rossetti et al. 2013; Klump et al. 2013) , or sham feeding (Kim 2012) . We hypothesize that the greater consumption of sugar in female CMI adolescents is related to their anxiety-like behavior. Decreased time spent in the open arm of the EPM (while not yet reaching significance) is an internalizing, avoidant-type response that does not address the Bsource^of the anxiety in the same way that the CMI males defensively bury marbles. Similar to the human condition, we propose that this unresolved anxiety results in seeking comfort elsewhere. In this case, increased consumption of sugar pellets.
We also investigated fat bingeing, as operant responding for sucrose may be subject to indirect effects of CMI on learning differences. The fat bingeing paradigm measures fat consumption within a limited time (60 min) with an intermittent schedule (M, W, F). This schedule produces the greatest amount of binge behavior compared with 24 h access 1 day a week or constant access (Puhl et al. 2011 ). An escalation of fat intake is found in binge eating (Babbs et al. 2012 ) and has been described in other rodent studies using a similar paradigm (Bello et al. 2014) . Fat bingeing escalated across repeated days of testing independent of sex. Similar to other studies, control females consumed more fat than males ). We did not measure chow intake, leaving open the possibility that males compensated their caloric intake by reducing normal food consumption on testing day . Our CMI subjects binge on fat not for caloric benefit as they are not food-deprived but most likely as a result of their anxiety-like predisposition. For these reasons, we believe that our model may typify an emotionally based eating dysfunction.
Much like the developmental increase in the incidence of bingeing in humans (Schneider 2003) , we hypothesize that the underlying preponderance of OCD-like behavior, and the neurobiology in our model could facilitate the adolescent onset of overeating in females. Disruptions in dopaminergic (Bello and Hajnal 2010) and serotoninergic (Bailer and Kaye 2011) signaling induce binge eating. Previous studies have shown that these systems are altered by neonatal CMI (Andersen et al. 2010) . Repeated exposure to intermittent sucrose (or fat) is likely to become reinforcing on its own and leads to addictive bingeing (Volkow et al. 2008 ). As such, dysfunction of motivational and reward systems is likely to be involved in the observed behavioral changes. For example, CMI animals are already predisposed to habitual behaviors (Andersen and Thompson 2011) . Our findings of sucrose eating are in line with other studies that show only female animals demonstrated binge eating and not males. While we have shown that females overall are more motivated to work for sucrose than males, we observed no sex differences in fat bingeing. Sex differences are evident in tests following intermittent access to food with female rats 2-6 times more likely to binge than male rats ). In the current study, females consumed roughly twice the amount of fat as males, independent of CMI exposure. Clinical studies show that female adolescents binge more than adolescent males (Croll et al. 2002) . Consistent with this possibility, CMI pre-exposed adolescent males consumed less sucrose pellets compared to vehicles, which may suggest anhedonia (John et al. 2012) . Other anhedonic behaviors, including decreased intracranial self-stimulation (Vogel et al. 1990a ), sexual behavior (Neill et al. 1990) , and reduced 24-h sucrose consumption (Vogel et al. 1990b) , have been found in adult CMI pre-exposed male rats.
This study showed that while the consequences of neonatal exposure to CMI in adulthood (i.e., OCD-like behavior) are similar in males and females, the developmental emergence of aberrant eating behavior during adolescence differs in males and females. Sucrose consumption is higher in CMI adolescent females, possibly increasing vulnerability to binge on sweet substances during adolescence in females more than males. However, CMI exposure increases binge-like eating behavior in both males and females. Clinically, the emergence of OCD during adolescence is more likely in males than females (Flament et al. 1988) . These data extend the perspective that the lower rate of early onset of OCD in females than males could be explained by the fact that females more often develop binge eating during adolescence before OCD symptoms manifest fully during adulthood.
